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AsymmetricCa2+elevationsacross theaxonal growth
cone mediate its turning responses to attractive and
repulsive guidance cues. Here we show that cla-
thrin-mediated endocytosis acts downstream of
Ca2+ signals as driving machinery for growth cone
turning. Indorsal rootganglionneurons, the formation
of clathrin-coated pits is facilitated asymmetrically
across thegrowthconebyadirectionally appliedche-
morepellent, semaphorin 3A, or by Ca2+ signals that
mediate repulsive guidance. In contrast, coated pit
formation remains symmetric in the presence of
attractiveCa2+ signals. Inhibitionof clathrin-mediated
endocytosis abolishesgrowthcone repulsion, but not
attraction, inducedbyCa2+or extracellularphysiolog-
ical cues. Furthermore, asymmetric perturbation of
the balance of endocytosis and exocytosis in the
growth cone is sufficient to initiate its turning toward
the side with less endocytosis or more exocytosis.
With our previous finding that growth cone attraction
involves asymmetric exocytosis, we propose that the
balance between membrane addition and removal
dictates bidirectional axon guidance.
INTRODUCTION
The formation of neuronal networks dependson thegrowth cone,
a highly motile structure at the tip of elongating axons. Various
environmental cues attract or repel axons by means of asym-
metric cytosolic Ca2+ elevations across the growth cone
(Akiyama et al., 2009; Henley et al., 2004; Togashi et al., 2008).
The directional polarity of growth cone turning with regard to
the localization ofCa2+ signals dependson theoccurrence of rya-
nodine receptor (RyR)-mediated Ca2+-induced Ca2+ release
(CICR): Ca2+ signals accompanied by CICR elicit growth cone
turning toward the side with higher Ca2+ concentration (attrac-
tion), whereas Ca2+ signals without CICR elicit turning away
from the side with higher Ca2+ concentration (repulsion) (Hong
et al., 2000; Ooashi et al., 2005). Examples of downstream effec-
tors of Ca2+ are Rho family GTPases (Jin et al., 2005) and
actin-depolymerization factor/cofilin (Wen et al., 2007) that alter
cytoskeletal organization for growth cone turning. However,370 Neuron 66, 370–377, May 13, 2010 ª2010 Elsevier Inc.membrane trafficking may be an earlier mechanical event
because attractive Ca2+ signals facilitate centrifugal vesicle
transport and exocytosis within 1 min, preceding any detectable
changes in cytoskeletal dynamics in the growth cone (Tojima
et al., 2007). This type of membrane trafficking is not involved in
growth cone repulsion, suggesting that repulsive Ca2+ signals
activate distinct but yet unidentified machinery.
One simple possibility is that growth cone repulsion is due to
a local endocytosis that is triggered by repulsive Ca2+ signals.
This hypothesis is consistent with previous findings that repul-
sive guidance cues enhance fluid-phase endocytosis in growth
cones as assessed by dextran uptake (Fournier et al., 2000;
Kolpak et al., 2009), although its functional significance remains
obscure due to a lack of specific inhibitors of fluid-phase endo-
cytosis. On the other hand, it is well known that clathrin- and
dynamin-mediated endocytosis controls cell-surface expression
of, and signal transduction by, receptors including those for axon
guidance cues (Bartoe et al., 2006; Castellani et al., 2004; Piper
et al., 2005; Sorkin and Von Zastrow, 2002), and growth cones
do not respond to these cues when endocytosis mediated by
clathrin, dynamin, or both is pharmacologically inhibited (Kolpak
et al., 2009; Piper et al., 2006).
In the present study, we examine the hypothesis that asym-
metric removal of growth cone plasma membrane via clathrin/
dynamin-mediated endocytosis drives repulsive turning down-
stream of guidance signals, using direct local Ca2+ manipulation
(Ooashi et al., 2005; Zheng, 2000) that can bypass receptor acti-
vation and any signaling events upstream of Ca2+. We show that
the activity of clathrin/dynamin-mediated endocytosis becomes
polarized in growth cones downstream of repulsive Ca2+ signals
and that such asymmetry in endocytosis is required and suffi-
cient for repulsive growth cone turning.
RESULTS AND DISCUSSION
Visualization of Clathrin-Mediated Endocytosis
in Growth Cones
The growth cone, which consists of the organelle-rich central
(C)-domain and actin-rich peripheral (P)-domain, actively inter-
nalizes and recycles membrane components (Pfenninger,
2009). We analyzed the spatiotemporal dynamics of mCherry-
tagged clathrin (mCherry-clathrin) and EGFP-tagged dynamin 1
(EGFP-dynamin 1) in growth cones of chick dorsal root ganglion
(DRG) neurons by total internal reflection fluorescence micros-
copy (TIRFM) (Figure S1, available online; Movie S1, available
online, upper panel). This method has been used extensively to
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cles (CCVs) in nonneuronal cells, processes both involved in
clathrin-mediated endocytosis (Merrifield et al., 2002, 2005;
Rappoport and Simon, 2003). CCPs, concentratedmCherry-cla-
thrin visible as puncta, appeared in the P-domain and migrated
toward the C-domain of growth cones. Then, EGFP-dynamin 1
was recruited transiently to CCPs followed by disappearance
of mCherry-clathrin fluorescence, which should represent the
transition from CCPs to CCVs. It is most likely that a series of
these events corresponds to clathrin-mediated endocytosis,
although some CCPsmay be abortive and fail to complete endo-
cytosis even if dynamin is recruited (Ehrlich et al., 2004). In our
experiments, the rate of CCP migration in the P-domain was
equivalent to the rate of F-actin retrograde flow (Tojima et al.,
2007) and decreased significantly after treatment with blebbista-
tin, a specificmyosin II inhibitor that slows F-actin flow (Medeiros
et al., 2006): 4.18 ± 0.42 mm/min before treatment versus
2.15 ± 0.35 mm/min after treatment (n = 35 puncta in seven
growth cones; p < 0.01, paired t test). These data suggest that
CCPs are coupled with F-actin flow.
CCP Formation Becomes Asymmetric across the
Growth Cone in Response to Repulsive Ca2+ Signals
We tested whether the activity of clathrin-mediated endocytosis
is controlled by Ca2+ signals generated by photolyzing a caged
Ca2+ compound, o-nitrophenyl EGTA (NP-EGTA) on one side of
growth cones. One primary distinction between attractive and
repulsive Ca2+ signals is the occurrence of CICR through RyRs
that is regulated by extracellular substrates via cAMP signaling
(Ooashi et al., 2005): photolysis-induced Ca2+ elevations cause
growth cone attraction and repulsion when the cAMP pathway
is activated and inactivated, respectively. As shown in Table S1
(available online), the turning direction can be switched by
changing culture substrates (L1 or laminin) or by manipulating
the activity of cAMP or RyRwith the following drugs: Rp-cAMPS,
a cAMP antagonist; Sp-cAMPS, a cAMP agonist; and ryanodine,
a CICR inhibitor when used at a high concentration.
Using a custom-built microscope composed of an upright UV-
photolysis unit and an inverted TIRFM system (Figures 1A–1C),
we evoked attractive or repulsive Ca2+ signals by photolyzing
NP-EGTA on one side of a growth cone and compared endocytic
activity in the UV-irradiated area (near) against that in the
corresponding area on the opposite side (far) (Figures 1D–1K).
We counted the number of newly formed clathrin puncta as
a measure of endocytic activity, because almost all examined
clathrin puncta (59/60, 98.3%) were accompanied transiently
by dynamin 1 and presumed to participate in endocytosis.
Furthermore, attractive and repulsive Ca2+ signals altered neither
the percentage of clathrin puncta accompanied bydynamin 1 nor
the lifetime of clathrin puncta (Table S2), supporting our method
of assessingCa2+-inducedchanges in endocytosis bymeasuring
the appearance of clathrin puncta. Attractive Ca2+ signals (L1)
had no detectable effect on the relative activity of endocytosis
between both sides of the growth cone (Figure 1F). In response
to repulsiveCa2+ signals (L1Rp-cAMPS; L1 ryanodine), however,
endocytosis became asymmetric with higher activity in the near
side (Figures 1G and 1H). The asymmetry was abolished by
monodansylcadaverine (MDC), an inhibitor of clathrin-mediatedendocytosis (Ray and Samanta, 1996; Schu¨tze et al., 1999)
(Figure 1I), while the vast majority of clathrin puncta (48/50,
96.0%) were accompanied by dynamin 1 after MDC treatment.
Also, the asymmetry in CCP formation induced by repulsive
Ca2+ signals was abolished by cyclosporin A or deltamethrin
inhibition of calcineurin, aCa2+-dependent phosphatase (Figures
1J and 1K), consistent with the fact that calcineurin mediates
Ca2+-triggered endocytosis of synaptic vesicles (Cousin and
Robinson, 2001). Our results indicate that repulsive, but not
attractive, Ca2+ signals cause asymmetric clathrin-mediated
endocytosis across the growth cone via calcineurin.
Clathrin-Mediated Endocytosis Is Necessary
for Ca2+-Induced Growth Cone Repulsion
We next tested whether Ca2+-induced growth cone turning
requires clathrin/dynamin-mediated endocytosis using a variety
of pharmacological and genetic inhibitors: MDC; tyrphostin A23,
an inhibitor of cargo binding to AP2 (Banbury et al., 2003); myr-
P4, myristoylated dynamin inhibitory peptide that blocks binding
of dynamin to amphiphysin (Marks and McMahon, 1998); dyna-
min 1 K44A, a dominant-negative dynamin 1 mutant that lacks
GTPase activity (Damke et al., 1994); and the C-terminal frag-
ment of AP180, an inhibitor of the accessory protein AP180
involved in clathrin-mediated endocytosis (Ford et al., 2001).
The effects of these inhibitors on clathrin-mediated endocytosis
in growth cones were characterized by TIRFM of clathrin and
dynamin 1. MDC decreased the number of newly formed clathrin
puncta but did not affect their lifetime (Figures S2A and S2B).
Tyrphostin A23 also attenuated the appearance of clathrin
puncta (Figure S2A). In contrast, myr-P4 drastically prolonged
the lifetime of both clathrin and dynamin 1 puncta without
affecting the appearance of clathrin puncta (Figures S2A–S2C).
Similarly, dynamin 1 K44A associated with clathrin for extended
periods of time and prolonged the lifetime of clathrin puncta
(Figures S2D and S2E; Movie S1, lower panel). These results
are consistent with the fact that these inhibitors attenuate cla-
thrin/dynamin-mediated endocytosis via distinct mechanisms.
Bidirectional growth cone turning was triggered by repetitive
laser-induced photolysis of NP-EGTA on one side of the growth
cone (Ooashi et al., 2005; Zheng, 2000). Ca2+-induced repulsion
(L1 Rp-cAMPS; L1 ryanodine; laminin), but not attraction (L1;
laminin Sp-cAMPS), was abolished by pharmacological endocy-
tosis inhibitors (MDC, tyrphostin A23, and myr-P4) (Figures
2A–2I). Similarly, dominant-negative mutants, dynamin 1 K44A
and AP180 C terminus, prevented repulsion, but not attraction
(Figure 2J). Furthermore, calcineurin inhibitors, cyclosporin A
and deltamethrin, blocked repulsion, but not attraction (Fig-
ure 2K). The involvement of calcineurin in Ca2+-induced growth
cone repulsion is consistent with previous observations (Wen
et al., 2004).Our data strongly support the idea thatCa2+-induced
repulsion requires calcineurin-mediated, clathrin- and dynamin-
dependent endocytosis.
Extracellular Physiological Cues Repel Growth Cones
via Asymmetric Clathrin-Mediated Endocytosis
Ca2+ signalsmediate growth cone turning responses to extracel-
lular gradients of physiological cues such as semaphorin 3A
(Sema3A) (Togashi et al., 2008) and myelin-associatedNeuron 66, 370–377, May 13, 2010 ª2010 Elsevier Inc. 371
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Figure 1. Repulsive, but Not Attractive, Ca2+
Signals Induce Asymmetric CCP Formation
across the Growth Cone
(A) Schematic representation of the microscope
setup composed of the upright UV-photolysis
unit and the inverted TIRFM system. NP-EGTA
was photolyzed with UV light (330–385 nm)
through a 40x water-dipping objective (NA 0.80).
Fluorophores were excited with the evanescent
wave of a 488 nm laser through a 100x oil-immer-
sion objective (NA 1.45). The emitted fluorescence
was collected by the 100x objective and acquired
with a CCD camera. AOTF, acousto-optic tunable
filter; BP, band-pass filter; Em, emission filter; DM,
dichroic mirror. (B and C) Generation and detec-
tion of asymmetric elevations of cytosolic Ca2+
concentrations near the substrate-facing plasma
membrane of the growth cone using the micro-
scope setup of (A). (B) TIRFM image of an Oregon
Green 488 BAPTA-1 (OGB-1)-loaded growth cone
on L1. Scale bar, 10 mm. (C) Time course of D(F/F0)
on the side with UV irradiation (near ROI; red circle
in B) and the opposite side (far ROI; blue circle
in B), where D(F/F0) represents changes in Ca
2+
concentrations from the basal level. Loaded
NP-EGTA was photolyzed by two UV pulses. The
first pulse started at 0 s (arrowhead). Note that
Ca2+ elevations were detected only in the near
ROI. (D–K) Effects of Ca2+ signals on CCP forma-
tion. (D) TIRFM image of EGFP-clathrin in a growth
cone cultured on L1 in the presence of Rp-cAMPS.
NP-EGTA was photolyzed to generate repulsive
Ca2+ signals. The UV-irradiated area and the cor-
responding area on the opposite side were used
as near and far ROIs, respectively (blue circles).
Scale bar, 10 mm. (E) Schematic representation
of the growth cone shown in (D). TIRFM images
of EGFP-clathrin in this growth cone were
acquired every 3 s before (pre) and after (UV) the
onset of repetitive UV irradiation (time 0 s). Each
red cross marks the position of a newly formed
CCP within the ROIs during the indicated 30 s
periods. Scale bar, 10 mm. (F–K) Near-to-far ratios
of CCP formation. The y axis indicates the number
of newly formed CCPs per unit area within near
ROI divided by that within far ROI, before (pre;
120 to 0 s) and after (UV; 0 to 120 s) the onset
of repetitive photolysis. Each line represents a photolysis-induced change in a single growth cone. Elicited Ca2+ signals were attractive (L1) or repulsive
(L1 Rp-cAMPS; L1 ryanodine). Also, the effects of Ca2+ signals were examined in the presence of MDC (I), cyclosporin A (J), or deltamethrin (K). *p < 0.05,
***p < 0.001, paired t test. See also Figure S1, Tables S1 and S2, and Movie S1.
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Clathrin Endocytosis Drives Axon Repulsionglycoprotein (MAG) (Henley et al., 2004). We examined whether
growth cone repulsion induced by these cues depends on
clathrin-mediated endocytosis (Figures 3 and S3). Directional
application of Sema3A through a pipette caused asymmetric
formation of CCPs with more CCPs on the side of the growth
cone facing the source of Sema3A (Figures 3A–3D; Movies S2
and S3). Because Sema3A causes ‘‘transient desensitization’’
via clathrin-mediated removal of its receptor, neuropilin-1, from
the growth cone surface (Piper et al., 2005), we examined the
effect of MDC on intracellular signaling events downstream of
the Sema3A receptor. Sema3A increased Ca2+ in growth cones
regardless of the presence of MDC (Figures 3E–3K), indicating
that Sema3A generated intracellular signals even when endocy-372 Neuron 66, 370–377, May 13, 2010 ª2010 Elsevier Inc.tosis was inhibited, and that growth cones in our experiments
showed subtle or negligible desensitization at the receptor level.
These results supported our experimental design for studying
the involvement of MDC-sensitive endocytosis downstream of
Ca2+ signals. Sema3A gradients repelled growth cones, and
this repulsion was converted into attraction when endocytosis
was inhibited by MDC (Figures 3L, 3M, and 3O). This attraction
was negated by pretreating neurons with BAPTA-AM, a fast
Ca2+ chelator, or with Rp-cAMPS (Figure 3O). Recently it has
been shown that Ca2+-induced attraction requires vesicle-asso-
ciated membrane-protein 2 (VAMP2)-mediated exocytosis and
is sensitive to tetanus neurotoxin (TeNT) (Tojima et al., 2007).
Therefore we tested the effect of TeNT and found that
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Figure 2. Ca2+-Induced Repulsion, but Not Attraction, Requires
Clathrin-Mediated Endocytosis
(A–H) Time-lapse differential interference contrast (DIC) images of growth
cones on L1 (A–D) or laminin (E–H) in the presence of the indicated drugs.
Focal Ca2+ signals were generated by laser photolysis of NP-EGTA at red
spots. Time (min) after the onset of repetitive laser irradiation is shown. Scale
bar, 10 mm. (I–K) Turning angles of growth cones (mean ± SEM), with positive
and negative values indicating attraction and repulsion, respectively. The
effects of pharmacological endocytosis inhibitors (I), dominant-negative
mutants of endocytic machinery components (J), and calcineurin inhibitors
(K) were tested. Elicited Ca2+ signals were attractive (L1; laminin Sp-cAMPS)
or repulsive (L1 Rp-cAMPS; L1 ryanodine; laminin). Numbers in parentheses
indicate the number of growth cones examined. *p < 0.05, **p < 0.01,
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Clathrin Endocytosis Drives Axon RepulsionSema3A-induced attraction in the presence of MDC depended
on VAMP2-mediated exocytosis (Figures 3N and 3O). These
results suggest that Sema3A enhances both endocytosis and
exocytosis via Ca2+ signals and can induce attractive turning if
exocytosis predominates over endocytosis.
MAG also increased Ca2+ in growth cones regardless of the
presence of MDC (Figures S3A–S3G). As reported previously
(Tojima et al., 2007), MAG gradients attracted and repelled
growth cones in the absence and presence of Rp-cAMPS,
respectively (Figures S3H, S3J, and S3M). MDC did not affect
MAG-induced attraction (Figures S3I and S3M), indicating that
clathrin-mediated endocytosis is dispensable for MAG-induced
attraction. In contrast, MDC converted MAG-induced repulsion
into attraction, and this attraction was blocked by TeNT (Figures
S3K–S3M). These results are in agreement with the idea that
growth cone repulsion, but not attraction, requires clathrin-medi-
ated endocytosis downstream of Ca2+, and they imply that guid-
ance cues evoke both endocytosis and exocytosis, the balance
of which determines the turning direction.Asymmetric Endocytosis/Exocytosis Is Sufficient
for Growth Cone Turning
Finally we tested whether direct manipulation of membrane traf-
ficking causes growth cone turning (Figure 4). We were able to
produce asymmetric endocytosis by exposing growth cones to
extracellular gradients of MDC, with less CCP formation on the
side facing greater MDC concentration (Figures 4A–4D). Also,
asymmetricVAMP2-mediatedexocytosiswasproducedbydirec-
tional applicationofa-latrotoxin (a-LTX), a stimulator of exocytosis
(Ushkaryov et al., 2004) (Figures 4E–4I). Such gradients of
MDC and a-LTX induced growth cone attraction (Figures 4J–4L).
Similarly, directionally applied myr-P4 attracted growth cones
(Figure 4L). These data indicate that asymmetric endocytosis/
exocytosisacross thegrowthcone issufficient to initiate its turning
toward the side with less endocytosis or more exocytosis.
To gain insight into mechanisms of how asymmetric endocy-
tosis drivesgrowth cone turning,weestimated theareaof plasma
membrane that was removed asymmetrically from the growth
cone surface in response to Sema3A gradients (Figure 3C). The
number of newly formed CCPs in these growth cones after
Sema3A application was 0.78 ± 0.11/mm2/min on near sides
and 0.38 ± 0.06/mm2/min on far sides (n = 7 growth cones).
Assuming the diameter of CCVs to be 120 nm (Conner and
Schmid, 2003), the difference in the area of membrane removal
between the near and far sides would be 0.018 mm2 per 1 mm2
growth cone area (1.8%) every minute; therefore, the cumulative
difference during the course of growth cone turning (40 min;
Figure 3L) corresponds to 72%. The actual difference should
be larger, given that we detect only a subset of newly formed
CCPs, those that incorporated EGFP-clathrin. This estimation
suggests that clathrin-mediated endocytosis can generate
a substantial asymmetry inmembrane removal across thegrowth
cone. Therefore, in addition to the previously proposed role of***p < 0.001, unpaired t test for comparison between two groups; Dunnett’s
test for comparison among three groups. See also Figure S2, Table S1, and
Movie S1.
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Figure 3. Sema3A-Induced Repulsion
Requires Clathrin-Mediated Endocytosis
Downstream of Ca2+ Signals
(A–D) Sema3A gradient evokes asymmetric CCP
formation. (A) TIRFM image of EGFP-clathrin in
a growth cone exposed to an extracellular gradient
of Sema3A (arrow). The growth cone was on lam-
inin. The blue circles indicate near and far ROIs for
analyses. Scale bar, 10 mm. (B) Schematic repre-
sentation of the growth cone shown in (A). Each
red cross marks the position of a newly formed
CCP within a given ROI during the indicated 30 s
periods. Sema3A gradient was initiated at time
0 s. Scale bar, 10 mm. (C and D) Effects of Sema3A
gradient (C) or control gradient (D) on near-to-far
ratios of CCP formation. Control gradient was
generated by ejecting PBS (vehicle). The y axis
indicates the number of newly formed CCPs per
unit area within the near ROI divided by that within
the far ROI, before (pre; 120 to 0 s) and after
(Sema3A/PBS gradient; 120 to 240 s) the onset
of gradient application. Each line represents
a Sema3A/PBS-induced change in a single growth
cone. **p < 0.01, paired t test. (E–K) Sema3A-
generated Ca2+ signals in growth cones. (E) A
growth cone loaded with two Ca2+ indicators,
OGB-1 and Fura Red (FR), was exposed to an
extracellular gradient of Sema3A (arrow). The left
panel shows FR fluorescence. The red circle indi-
cates the ROI for Ca2+ measurements. The pseu-
docolor shows D(ROGB-1/RFR), a measure of
changes in Ca2+ concentrations from the basal
level. Time (s) after the onset of Sema3A applica-
tion is shown. Scale bar, 10 mm. (F–H) Superim-
posed traces of time course of D(ROGB-1/RFR).
Each colored line represents D(ROGB-1/RFR) aver-
aged within the ROI in a single growth cone that
was exposed to Sema3A (F and G) or PBS (H) in
the absence (F and H; no drug) or presence (G)
of bath-applied MDC. The x axis represents time
after the onset of gradient application. (I–K) The
peak Ca2+ amplitude before (pre) and after the
application of Sema3A (I and J) or PBS (K) in
the absence (I and K; no drug) or presence (J) of
MDC. ***p < 0.001, paired t test. (L–N) Time-lapse
DIC images of growth cones exposed to Sema3A
gradients (arrows) in the absence (L; control) or
presence (M and N) of the indicated drugs. Time
(min) after the onset of Sema3A application is
shown. Scale bar, 20 mm. (O) Turning angles of
growth cones (mean ± SEM), with positive and
negative values indicating attraction and repul-
sion, respectively. Numbers in parentheses indi-
cate the number of growth cones examined.
***p < 0.001, Bonferroni’s multiple comparison
test. See also Figure S3 and Movies S2 and S3.
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Clathrin Endocytosis Drives Axon Repulsionfluid-phase endocytosis (Kolpak et al., 2009), a local regulation of
the growth cone surface area by clathrin-mediated endocytosis
may contribute to repulsive axon guidance.
Another possibility is that asymmetric endocytosis drives
growth cone turning by redistributing specific functional mole-
cules such as cell adhesion molecules. A similar mechanism
exists in nonneuronal cells, in which clathrin mediates integrin
endocytosis for focal adhesion disassembly in migrating cells374 Neuron 66, 370–377, May 13, 2010 ª2010 Elsevier Inc.(Ezratty et al., 2009). Clathrin-mediated endocytosis has been
shown to retrieve cell adhesion molecules from the growth
cone surface (Dequidt et al., 2007; Diestel et al., 2007) and,
therefore, could cause growth cone turning if perturbed asym-
metrically.
In conclusion, our present and previous (Tojima et al., 2007)
studies demonstrate that growth cone repulsion and attraction
involve preferential removal and addition, respectively, of plasma
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Figure 4. Asymmetric Endocytosis/Exocytosis across the Growth
Cone Is Sufficient to Trigger Its Turning
(A–D) MDC gradient evokes asymmetric CCP formation. (A) TIRFM image of
EGFP-clathrin in a growth cone exposed to an extracellular gradient of MDC
(arrow). The growth cone was on laminin. The blue circles indicate near and
far ROIs for analyses. Scale bar, 10 mm. (B) Schematic representation of the
growth cone shown in (A). Each red cross marks the position of a newly formed
CCP within a given ROI during the indicated 30 s periods. MDC gradient was
initiated at time 0 s. Scale bar, 10 mm. (C and D) Effects of MDC gradient (C)
or control gradient (D) on near-to-far ratios of CCP formation. Control gradient
was generated by ejecting DMSO (vehicle; 1% in pipette). The y axis indicates
the number of newly formed CCPs per unit area within the near ROI divided by
thatwithin the far ROI, before (pre;120 to 0 s) and after (MDC/DMSOgradient;
120 to 240 s) the onset of gradient application. Each line represents an MDC/
DMSO-induced change in a single growth cone. **p < 0.01, paired t test. (E–I)
a-LTX gradient evokes asymmetric exocytosis. (E) A growth cone expressing
pHVenus-VAMP2 and DsRed-Monomer-Mem was exposed to an a-LTX
gradient (arrow). pHVenus fluorescence is shown. The red and blue rectangles
indicate near and far ROIs, respectively. Scale bar, 10 mm. (F) Time course of
RpHVenus/RDsRed, an index of VAMP2 exocytosis, on the near (red line) and far
(blue line) ROIs drawn in (E). The x axis represents time (s) after the onset of
a-LTX application. (G) Time course of D(R0near/R0 far), an index of asymmetry in
exocytosis across the growth cone. (H and I) Effects of a-LTX gradient (H) or
Neuron
Clathrin Endocytosis Drives Axon Repulsionmembrane components of the growth cone on the side with
elevatedCa2+, and that the balancebetween these counteractive
events may determine the directional polarity of axon guidance.
EXPERIMENTAL PROCEDURES
For detailed Experimental Procedures, see the Supplemental Information.
Cell Culture
As described previously (Ooashi et al., 2005), DRG neurons from embryonic
day 9–10 chicks were dissociated and plated on a glass-based dish coated
with laminin (50 ng/cm2, Invitrogen) or L1-Fc chimeric protein consisting of
the extracellular domain of L1 and the Fc region of human IgG. The cultures
were maintained in Leibovitz’s L-15 medium (Invitrogen) supplemented with
N-2 (Invitrogen), 50 ng/ml nerve growth factor (Promega), and 750 mg/ml bovine
serum albumin (Invitrogen), in a humidified atmosphere of 100% air at 37C.
Dual-Color TIRFM Imaging of Clathrin and Dynamin 1
Unless otherwise noted, dual-color images of EGFP-dynamin 1 and mCherry-
clathrin were obtained by simultaneous TIRFM: both fluorescent proteins were
excited with 488 nm and 561 nm lasers, and their emissions were split and
acquired simultaneously with two CCD cameras.
Fluorescent signals concentrated within 0.8 mm in diameter were defined as
clathrin or dynamin 1 puncta. Their lifetime was defined as the duration from
appearance to disappearance of the puncta. Their migration rate was calcu-
lated as the whole distance of movement divided by their lifetime. CCP recruit-
ment of dynamin 1 was defined as newly formed dynamin 1 puncta colocaliz-
ing with preexisting clathrin puncta. This was termed ‘‘transient dynamin 1
recruitment’’ in this paper, because the lifetime of all dynamin 1 puncta under
no-drug condition (Figure S2C) was shorter than 10 s.
TIRFM Combined with UV-Photolysis
Using a custom-built microscope (Figure 1A), we examined the effect of Ca2+
signals on CCP formation (Figures 1D–1K; Table S2). NP-EGTA was photo-
lyzed by repetitive UV irradiation for a duration of 100 ms every 3 s in the
area that covered the C-domain periphery to the leading edge on one side
of the growth cone (10 mm in diameter). The border between the C- and
P-domain was determined on a DIC image of the growth cone (Tojima et al.,
2007). We acquired time-lapse TIRFM images of fluorescent protein-tagged
clathrin/dynamin 1 in the absence or presence of photolysis-induced Ca2+
signals. The number of newly formed clathrin puncta within an ROI was
normalized by the growth cone area covered by that ROI.
TIRFM Combined with Extracellular Gradient Application
We examined the effect of directional application of Sema3A (Figures 3A–3D)
or MDC (Figures 4A–4D) on CCP formation in growth cones on laminin. An
extracellular gradient was generated with a glass pipette containing Sema3A-
Fc (100 mg/ml in pipette, R&D Systems) or MDC (100 mM in pipette, Sigma).
TIRFM images of EGFP-clathrin were acquired every 3 s before and after thecontrol gradient (I) on near-to-far ratios of exocytosis. Control gradient was
generated by ejecting PBS (vehicle). The y axis indicates the mean of the high-
est fiveD(R0near/R0 far) values before (pre) and after the onset of gradient applica-
tion. Each line represents an a-LTX/PBS-induced change in a single growth
cone. *p < 0.05, paired t test. (J–L) Asymmetric perturbation of endocytosis/
exocytosis triggers growth cone turning. (J and K) Time-lapse phase-contrast
imagesof growth cones exposed to amicroscopic gradient ofMDC (J) ora-LTX
(K). Digits represent minutes after the onset of drug application (arrows). Scale
bar, 20 mm. (L) Turning angles of growth cones (mean ± SEM) in response to
directional application of the indicated drugs, with positive and negative values
indicating attraction and repulsion, respectively. DMSO and PBS (vehicles)
were applied as control gradients. Numbers in parentheses indicate the
number of growth cones examined. *p < 0.05, **p < 0.01, Bonferroni’s multiple
comparison test.
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Clathrin Endocytosis Drives Axon Repulsiononset of gradient application. The number of newly formed clathrin puncta
within an ROI was normalized by the growth cone area covered by that ROI.
Epifluorescence Imaging of Ca2+ Signals Induced
by Physiological Cues
Ca2+ signals in growth cones on laminin were visualized by simultaneous and
ratiometric imaging of two Ca2+ indicators, Oregon Green 488 BAPTA-1
(OGB-1) and Fura Red (FR), in the absence and presence of extracellular
gradients of Sema3A-Fc (100 mg/ml in pipette; Figures 3E–3K) or MAG-Fc
(150 mg/ml in pipette, R&D Systems; Figures S3A–S3G). Time course changes
in cytosolic Ca2+ levels in each ROI were calculated from the OGB-1 and FR
emissions acquired every 3 s.
Epifluorescence Imaging of Exocytosis Induced by a-LTX
Using pH-sensitive version of Venus (pHVenus) fused to the luminal end of
VAMP2 (pHVenus-VAMP2) (Tojima et al., 2007), we monitored exocytosis
in growth cones on laminin before and after the onset of a-LTX gradient
application (10 nM in pipette, Sigma; Figures 4E–4I). To rule out the artifactual
fluorescence changes due to alterations in growth cone shape, growth cone
plasmalemma was also labeled with DsRed-Monomer-Mem (Clontech).
pHVenus-VAMP2 and DsRed-Monomer-Mem were excited sequentially, and
their emissions were acquired every 3 s. Time course changes in VAMP2 exo-
cytosis in each ROI were calculated from the pHVenus and DsRed emissions.
Growth Cone Turning Assays
Growth cone turning induced by focal laser-induced photolysis of NP-EGTA
was performed as described previously (Ooashi et al., 2005).
Growth cone turning induced by an extracellular gradient of Sema3A
(100 mg/ml in pipette), MAG (150 mg/ml), MDC (100 mM), myr-P4 (20 mM), or
a-LTX (10 nM) was performed on a laminin substrate as described previously
(Akiyama et al., 2009).
Statistics
Data are expressed as the mean ± SEM. Statistical analyses were performed
using Prism version 4.01 software (GraphPad). p < 0.05 was judged as statis-
tically significant.
SUPPLEMENTAL INFORMATION
Supplemental Information for this article includes three figures, two tables,
Supplemental Experimental Procedures, and two movies and can be found
with this article online at doi:10.1016/j.neuron.2010.04.007.
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